Obesity is a consequence of the excessive accumulation of fat in adipose tissue which can result in significant morbidity and mortality. Health problems associated with obesity include cardiovascular disorders such as hypertension, stroke and CHD, conditions associated with insulin resistance such as type 2 diabetes, and certain types of cancers (1, 2) . A weight loss of between 5 and 10 % can substantially reduce these risks (3, 4) ; however, successfully maintaining weight loss, in the long term, is difficult (5) . Hence, effective strategies to improve adherence to weight loss and weight maintenance are needed (6) . The consumption of n-3 PUFA, namely EPA and DHA, have been linked to reduced CVD risk (7 -9) , and to reduced fasting glucose levels, providing a protective effect against the development of type 2 diabetes (10) . There is also continuing debate as to whether or not n-3 PUFA contribute to weight loss.
Dietary fatty acids are an important source of adipose tissue fatty acids and play a significant role in adipose tissue metabolism (11) . Intake of n-3 PUFA has been shown to influence the fatty acid composition of membrane phospholipids, thus modulating several metabolic processes that take place in the adipocyte (12 -15) . Lipid management at the cellular level influences the degree of the development of disease and co-morbidities in obesity (16) . Indeed, abnormal n-3 PUFA metabolism in studies of obese children has been suggested (17 -20) ; therefore, not only the amount of dietary fat, but also the composition of dietary fat, plays an important role in adipose tissue metabolism and thus on body fat accumulation.
In the present study, we investigate the relationship between plasma n-3 PUFA concentration and various anthropometric measures in healthy-weight, overweight and obese adults. We hypothesise that plasma n-3 PUFA is associated with weight status, more specifically obesity. Perhaps n-3 PUFA could assist weight loss by complementing existing weightloss approaches through their influence on biomarkers of obesity (13, 21, 22) . We also examine whether the contribution of n-3 PUFA concentration to covariates of body composition is independent of weight status.
Experimental methods

Participants
A total of 124 male and female free-living participants, aged 18-70 years were recruited from the university campus and the general community of Newcastle, Australia. Exclusion criteria for participation were: diagnosed diabetes mellitus; liver or other endocrine dysfunction; evidence of CVD, including angina or hypolipidaemic medication; chronic inflammatory disease; consumption of fish oil supplements; consumption of more than two fatty fish meals per week; on a restricted diet; BMI , 20 or . 40 kg/m 2 ; tobacco smoking. Further biochemical exclusion criteria included fasting glucose . 6·8 mmol/l (1225 mg/l).
The present study was conducted according to the guidelines laid down in the Declaration of Helsinki; all procedures involving human subjects were approved by the Human Research Ethics Committee of the University of Newcastle, Australia. Written informed consent was obtained from all subjects.
Anthropometry assessment
All anthropometric measurements were made with participants wearing light clothing and no shoes. BMI was calculated as body mass in kilograms (kg) divided by the square of height in meters (m) to the nearest 0·1 (kg/m 2 ) using a calibrated balance beam scale (PCS Measurement, NSW, Australia). Waist circumference was measured at the mid-point between the lowest rib and the top of the hipbone; the hip measurement was taken at the fullest point of the hip, as viewed from the side. The waist:hip ratio was calculated as waist girth in centimetres (cm) divided by hip girth (cm). Single-frequency bioelectrical impedance was used to determine fat mass (FM) and fat-free mass (Maltron International, Rayleigh, Essex, UK). Measurements were taken in the supine position following a . 10 h fast with no physical activity or alcohol consumption 24 h before testing. Calculations determined percentage FM ((FM/body weight) £ 100) (23) .
Plasma fatty acid analyses
Fasting (.10 h) blood samples were collected into tubes precoated with EDTA by venepuncture. Samples were prepared by centrifuging for 10 min at 3000 g at 48C. Plasma samples were collected and stored at 2 808C until further analysis.
The fatty acid composition of plasma lipids was determined according to a modification in the method of Lepage & Roy (24) , using an acetyl chloride methylation procedure. Fatty acid methyl esters were quantified using GC (Hewlett Packard 6890; Hewlett Packard, Palo Alto, CA, USA). The identity of each fatty acid peak was ascertained by comparison of the peak's retention time with the retention times of synthetic standards of known fatty acid composition (Nu Check Prep, Elysian, MN, USA). The relative amount of each fatty acid was quantified by integrating the area under the peak and dividing the result by the total area for all fatty acids. Concentrations of n-3 PUFA were calculated by summing the respective 18-22 carbon atom fatty acids (linolenic acid, EPA, docosapentaenoic acid and DHA). Fatty acid results are reported as percentage of total fatty acids.
Statistical analysis
Data are presented as mean values and standard deviations. Preliminary assumption testing was conducted to check for normality, linearity, outliers and homogeneity of variance, with no serious violations noted for anthropometric and body composition measurements. Variables that were not normally distributed were log-transformed before analysis. Comparisons between the different groups were made with one-way ANOVA and post hoc testing. P, 0·05 was considered significant. Data were further explored with all weight-status groups pooled and stratified into quartiles of n-3 PUFA. All statistical analyses were carried out with SPSS software (version 15.0; SPSS Inc., Chicago, IL, USA).
Results
Among the 124 adults, the average age was 49·5 (SD 10·7) years, with 37 % being male. Participants were stratified into weight status according to BMI (healthy weight 20-24·9 kg/m 2 (n 21), overweight 25-29·9 kg/m 2 (n 40) and obese 30-40 kg/m 2 (n 63)). Anthropometric characteristics of the three groups are presented in Table 1 . The healthy-weight group had a significantly lower body weight, BMI, waist circumference, hip circumference and FM (P,0·001 for all) compared with the obese group. The overweight group had a significantly lower body weight, BMI, waist circumference, hip circumference (P, 0·001 for all) and FM (P¼0·03) compared with the obese group.
The correlation between plasma n-3 PUFA concentration and features of anthropometry were explored separately for each weight status. No significant correlation was observed for the healthy-weight and overweight groups (data not shown). Correlations between plasma n-3 PUFA concentration and BMI, waist circumference, hip circumference, waist:hip ratio and FM in the obese group were analysed (Table 2) . Total n-3 PUFA, EPA and DHA were inversely correlated with BMI (P¼0·004, P¼0·009, P¼0·004, respectively), waist circumference (P¼0·03, P¼0·05, P¼0·02, respectively) and hip circumference (P, 0·001, P¼0·009, P¼0·002, respectively).
When participants were stratified into quartiles according to total n-3 PUFA composition (thirty-one subjects per quartile (quartile 1: 3·4 (SD 0·06); quartile 2: 4·1 (SD 0·02); quartile 3: 4·9 (SD 0·06); quartile 4: 6·7 (SD 0·1)% total fatty acids)), a highly significant inverse trend was found for BMI (P¼0·002), waist circumference (P¼0·01) and hip circumference (P, 0·001) (Fig. 1) . No trends were found for waist:hip 
ratio (P¼0·50) and FM (P¼0·16).
Post hoc analysis shows a significant difference between the lowest and highest quartiles for BMI (P¼0·004), waist circumference (P¼0·03) and hip circumference (P¼0·001).
Discussion
In the present cross-sectional study, we observed significantly lower plasma concentrations of n-3 PUFA in obese men and women compared with healthy-weight individuals. The finding of the present study is that measures of weight status were correlated with plasma n-3 PUFA composition when participants were stratified into quartiles of total n-3 PUFA concentration. Similar findings were reported in a study comparing serum phospholipid fatty acids with adipose tissue in twenty-five normal-weight and obese adolescents, which found that concentrations of n-3 PUFA were significantly lower in obese v. lean, age-matched, females (17) . Another study involving 120 normal-weight and overweight adolescents found that overweight adolescents had lower total n-3 PUFA and lower DHA concentrations compared with normal-weight adolescents, independent of body fat and fat distribution (25) . When dietary intake was also considered in a study of 134 age-and sex-matched normal-weight and overweight children, the BMI z-score of the obese children was negatively associated with plasma n-3 PUFA and DHA, despite obese children having higher intakes of the main fatty acid families, including PUFA (26) . Previous observational studies which also considered food intake indicate a negative association of fish consumption with central obesity measures (27) . In rodents, feeding fish oilenriched diets have been shown to prevent abdominal fat accumulation compared with other types of dietary oils (28 -30) . In human subjects, replacement of 6 g visible fat/d with 6 g fish oil/d for 3 weeks resulted in reduced fat mass and increased basal lipid oxidation (31) . A recent study has shown that the inclusion of lean fish, fatty fish or fish oil to a nutritionally balanced diet resulted in a greater weight loss within 4 weeks compared with diets devoid of seafood or marine supplements (32) . Another study which investigated the dietary intake of 132 children aged 4 years reported that a low n-3 PUFA intake was associated with higher body weight (33) . These studies, along with our observations, suggest that n-3 PUFA supplementation may play an important role in preventing weight gain and improving weight loss when n-3 PUFA are supplemented concomitantly with a structured weight-loss programme. Furthermore, inclusion of n-3 PUFA in a weight-loss programme may provide additional health benefits (8) .
The results presented are biologically plausible because several mechanisms underlying the association between n-3 PUFA and obesity have been shown. One possibility is that n-3 PUFA could increase basal fat oxidation which may in turn reduce fat mass (9, 31) . Animal studies have shown that n-3 PUFA supplementation may be associated with increased expression of mitochondrial uncoupling protein (34) , a system of thermogenesis that can provide a defence against obesity. Furthermore, a recent study has shown that n-3 PUFA intake increases postprandial satiety in overweight and obese individuals during weight loss (35) . Fatty acids may interact with a,b Mean values with unlike letters were significantly different (P, 0·05). For BMI, P for trend¼ 0·002; for waist circumference, P for trend¼0·01; for hip circumference, P for trend, 0·001.
neuroendocrine factors including insulin (36, 37) , ghrelin (38, 39) and leptin (40 -42) to modulate brain-intestinal loop signals for energy metabolism and appetite control. A recent study found that ghrelin is negatively correlated with body weight and total n-3 PUFA in normal-weight subjects (43) , suggesting that n-3 PUFA can modulate appetite. Thus, the idea that fish oil can regulate weight status via improved appetite control along with a subsequent reduction in energy intake is plausible and worthy of further investigation.
A limitation of our study is that it does not explain why plasma n-3 PUFA concentration was lower in obese individuals. A possible reason could be that the diets of obese adults are such that their intake of n-3 PUFA (marine foods) is lower than in normal-weight individuals. Alternatively, lower plasma n-3 PUFA levels in obese individuals may be a reflection of increased utilisation or oxidative damage to these highly unsaturated fatty acids. Indeed, obesity has been associated with increased oxidative stress (44) . Future studies should also examine long-term biomarkers of n-3 PUFA status, such as the n-3 index, to further explore the relationship with obesity. We also acknowledge the small sample size of the present study, and recognise that a largescale multicentre trial would be appropriate; certainly future studies should account for ethnicity and family history of disease and obesity.
Regardless of the mechanisms by which n-3 PUFA may assist in the maintenance of weight status (16, 35) , a significant inverse trend for BMI, waist circumference and hip circumference was observed when participants were stratified into quartiles of plasma n-3 PUFA concentration. Whether improvements in plasma concentration of n-3 PUFA by dietary supplementation with marine oils may reduce abdominal adiposity, or obesity in general, merits investigation. Interestingly, anthropometric measures correlated with the major n-3 PUFA (EPA and DHA) but not the parent n-3 PUFA (linolenic acid).
In summary, we have reported an inverse relationship between plasma concentrations of n-3 PUFA and anthropometric measures of obesity including BMI, waist circumference and hip circumference. Previous studies involving children and adolescents have shown a negative correlation between adiposity and plasma n-3 PUFA and DHA concentrations, but there appears to be a paucity of research in adults. These studies make the basis for conducting more intervention trials in adults examining the influence of dietary supplementation with n-3 PUFA-rich fats/oils in assisting weight loss and weight maintenance.
